One of the outstanding research questions regarding the Mediterranean's Messinian Salinity Crisis (MSC) is whether mechanisms that generated Messinian events also have an expression outside the basin as a result of changes in ocean circulation, tectonics or isostasy. To assess this, a high resolution astronomically calibrated age model for the entire Messinian of the Guadalquivir Basin, on the Atlantic margin of Spain, has been constructed. Cyclic changes in the elemental composition of the Huelva-1 borehole, visualized through XRF, were tuned to astronomical target curves. In some intervals, the tuning was hampered as a consequence of the borehole's proximity to the basin margin, resulting in disturbances of the cyclic record; nevertheless three distinct correlations with Mediterranean events were observed. Firstly, the onset of cyclicity within the borehole, at 7.16 Ma, is synchronous with the first sign of Mediterranean-Atlantic gateway restriction; this may be related to uplift of the Betic corridor. Secondly, the increase in sedimentation rate starting around 5.55 Ma coincides with the end of the acme of the Messinian Salinity Crisis. Lastly, for the first time a lithological expression has been found outside the Mediterranean which may have been generated by the same mechanism that terminated the Messinian Salinity Crisis. This level corresponds with the onset of a pronounced and extensive glauconite layer, indicating a sudden and significant decrease in sedimentation rate. Two causative mechanisms, or a combination of them, are proposed for the interbasinal correlations during the MSC. The first is based on tectonic events in the Betic region that influence sedimentation within the Guadalquivir Basin while altering the Atlantic-Mediterranean connection. The second explains the increase in sedimentation rate at 5.55 Ma as a consequence of local basin infill and the condensation at 5.33 Ma by sediment winnowing as a result of increased current strength with the opening, or deepening, of the Gibraltar Strait.
Introduction

Messinian gateway restrictions
The Messinian stage (7.246-5.332 Ma; Mayer-Eymar 1868, Gradstein et al. 2012 ) is one of the most intriguing time periods in the geological history of the Mediterranean Basin. During the Messinian the connection to the Atlantic Ocean became progressively restricted, culminating into the Messinian Salinity Crisis (MSC; Hsü et al. 1973 , Krijgsman et al. 1999 , Roveri et al. 2014 . During this dramatic event, life nearly ceased to exist in the Mediterranean waters (e. g. Manzi et al. 2007 , Sampalmieri et al. 2010 , vast quantities of evaporites were deposited across the entire Mediterranean Basin (Ryan 2009) , and the Mediterranean Sea experienced a sea level drop of at least a few hundred meters (Hsü et al. 1973, Meijer and Krijgsman 2005) . The onset of this event, i. e. restriction of the Mediterranean-Atlantic gateways and decreased water exchange, commenced more than 1 Myr before the MSC, directly after the Tortonian-Messinian boundary (Kouwenhoven et al. 2003, Kou wenhoven and van der Zwaan 2006) . The effect of different degrees of Messinian gateway restriction has been investigated inside the Mediterranean Basin, by studying the sedimentary deposits, reconstructing their paleoenvironment and relating them to changes in Mediterranean-Atlantic exchange (Meijer and Krijgsman 2005 , Roveri et al. 2014 . However, the precise evolution of these gateways is still under debate. One method of investigating these outstanding controversies is to investigate the imprint of gateway evolution outside the Mediterranean Basin, on the Atlantic side of the connecting corridors.
The effects of gateway restriction on the Atlantic Ocean were more muted than in the Mediterranean, making these types of studies at the Atlantic end of the corridor less straightforward. However, whatever the driving mechanism for gateway change, be that tectonics, isostasy or changes in ocean circulation and composition, it should also impact the Atlantic side of the gateway. For example, Eurasian-African oblique NW-SE relative plate convergence, ongoing from the Cretaceous to present, was the main driver for Atlantic-Mediterranean gateway narrowing and the formation of the Betic-Rif Orogen (Dewey et al. 1989 , Rosenbaum et al. 2002 , Sanz de Galdeano and Alfaro 2004 , Capella et al. 2016 ). In addition, within the Alboran domain subcrustal tectonics such as slab roll back, asthenospheric upwelling, and delamination of the lithospheric mantle have probably played an important role since the late Tortonian (Lonergan and White 1997 , Comas et al. 1999 , Duggen et al. 2003 , Platt et al. 2003 . Govers (2009) showed that a major Mediterranean sea level lowering during the MSC acme could induce gateway closure and sizable regional uplift in the marginal Gibraltar region as a result of isostatic feedback to basin unloading. Lastly, gateway evolution can have a significant effect on ocean composition and circulation and therefore on sedimentary environments. A model study showed that in-and outflow patterns in the Betic and Rifian corridors were substantially determined by gateway geometries and bathymetries during the pre-MSC (de la Vara et al. 2015) . Furthermore, changes in Mediterranean Outflow Water (MOW) did not only have a significant effect on detrital deposits in the nearby Gulf of Cadiz , van der Schee et al. 2016 ), but also, on a larger scale, influences North Atlantic circulation (Reid 1979, McCartney and Mauritzen 2001) .
However, expressions of gateway restriction on the Atlantic side of the gateways have only rarely been observed. To study these kind of expressions and the influence of climate and/or the Atlantic ocean on the MSC, Messinian sections on the Moroccan Atlantic margin, at the western end of the Rifian corridor, have been astronomically tuned and studied (Hilgen et al. 2000 , Krijgsman et al. 2004 , Van der Laan et al. 2005 , 2006 . In the Ain el Beida section, a prominent planktonic carbon isotope excursion is associated with the restriction of the Rifian corridor before 6.0 Ma, so before the onset of evaporite deposition in the Mediterranean basin (Van der Laan et al. 2012) . A marked Ti/Al maximum (Van der Laan et al. 2012 ) and a corresponding peak in sedimentation rate (Van der Laan et al. 2005) in the same section coincide with the onset of the MSC, but their relationship is poorly understood. In the northern Atlantic, ODP site 982 provides a valuable template recording the evolution of the open ocean during the Messinian (Hodell et al. 2001 ). This study showed that peak glacials TG12 and TG14 occur within the Messinian acme . Moreover, there are prominent lows in gamma ray bulk density and several weight percent CaCO 3 minima at this site that correspond with the onset and first phase of the MSC, which could be related to a shoaling of the lysocline in response to rapid extraction of calcium carbonates and sulphates during the MSC (Hodell et al. 2001) . However, expressions of other Messinian events and/or the Zanclean flooding at the Miocene-Pliocene boundary are not observed outside the Mediterranean Basin. The reason for this could be the scarcity of Messinian records in the Gibraltar region, particularly on the Spanish margin where outcrop is minimal. It is therefore essential to obtain a complete stratigraphic record from the Spanish Atlantic margin with a high resolution age model that covers the late Tortonian to early Pliocene.
The Montemayor-1 and Huelva-1 boreholes
The western part of the Guadalquivir Basin was the westernmost part of the Betic corridor and is located relatively close to Gibraltar. The Montemayor-1 borehole has been drilled in this part of the basin (Fig. 1 , but the spatial scale of these changes and their causative relationship with regional or global events was not tested. Also, the tuned Montemayor-1 record covers only the late Messinian (6.37-5.33 Ma) so another record is required to evaluate the evolution of the Atlantic Margin during the early Messinian. Fortunately, the entire Messinian succession has been recovered in the Huelva-1 core, which was also drilled in the western Guadalquivir Basin, 12 km west of the Montemayor-1 core. The Huelva-1 core has been dated using bio-and magnetostratigraphy and is characterized by higher accumulation rates than the Montemayor-1 core throughout the entire Messinian (Lar rasoaña et al. 2008 (Lar rasoaña et al. , 2014 . Here, we aim to improve the current magnetobiostratigraphic age model of the Huelva-1 core by tuning cyclic changes in sediment composition to astronomically induced changes in insolation with the aid of new biostratigraphic tie points and extend the high resolution chronostratigraphic framework for the Guadalquivir Basin down to the latest Tortonian. Thus, by constructing an astronomically tuned reference section for the Messinian Spanish Atlantic margin, we can assess the relevance of observed environmental changes in the region and their relationship with the Messinian Mediterranean and Atlantic Ocean.
Geological background and core
The Guadalquivir Basin formed in the Late Serravallian -Early Tortonian and evolved from a foredeep to a foreland basin of the Betic Cordillera during the Miocene. Loading of the imbricated Betic External units resulted in downward flexure of the Iberian basement and subsequent infilling (Sanz de Galdeano and Vera 1992, Sierro et al. 1996 , Berástegui et al. 1998 , Ledesma 2000 , García-Castellanos et al. 2002 . The basin is triangular, opens to the Atlantic Ocean at its western end, is bounded by the Iberian massif to the north and the subbetic thrust belt of the Betic Cor dillera to the south (Fig. 1 ). It has mainly experienced continuous sedimentation, gradually filling up from east to west, from the middle -late Miocene up to the present day (Sierro et al. 1990 , 1996 , González-Delgado et al. 2004 , Salvany et al. 2011 . After the closure of the Betic corridor, the Guadalquivir Basin developed as an embayment open to the Atlantic, a configuration that persists today in the Gulf of Cádiz. The Huelva-1 core was drilled in 1997, next to the bullring in the town of Huelva in the north-western part of the Guadalquivir Basin (37°15.914 N, 6°57.058 W; Fig. 1 ). The core recovered marine sediments that correspond to the two lowermost lithostratigraphic units of the basin infill ( Fig. 2 ; Civis et al. 1987 , Sierro et al. 1996 , González-Delgado et al. 2004 . The lower unit is the Niebla Formation and is Tortonian in age. It consists of a mix of calcareous and siliciclastic sediments deposited during the marine transgression over the Paleozoic-Mesozoic basement. The upper unit, which covers the largest part of the borehole, is the Arcillas de Gibraleón Formation. This formation is late Tortonian-Messinian in age and consists of homogeneous bluish-green clays with some interbedded silty beds and a glauconite layer at its base. This formation is the main focus of this study and con-tinues in the cliff adjacent to the borehole's location. In this cliff, above the Arcillas de Gibraleón Formation, we find the Arenas de Huelva Formation, which consists of lower Pliocene sands. This formation also contains a pronounced glauconite layer at its base (~12 m; Sierro 1985 , 1990 , 1996 , Larrasoaña et al. 2008 , 2014 . In this article, locations or intervals within the core are denoted as meters core depth (mcd) while locations in the Huelva cliff are denoted in meters (m). Both are calculated with respect to ground level. As glauconite is typically found in high concentrations during periods of very slow or negligible marine sedimentation (Loutit 1988 , Kidwell 1991 , both glauconite layers probably correspond to condensed intervals or hiatuses (Sierro et al. 1990 , 1996 . However, in order to assess cyclicity, continuous sedimentation is required. Consequently, we will focus on the Arcillas de Gibraleón Formation between the two glauconite layers (12 m-170 mcd, Fig. 2) , an interval which spans ca. 7.4-5 Ma (Larrasoaña et al. 2008 (Larrasoaña et al. , 2014 , capturing the entire Messinian.
Methods
The rather homogeneous lithology that dominates the Huelva-1 borehole (Fig. 2) prevents the construction of a reliable cyclostratigraphic framework based on visually identifiable lithological cycles. Cyclic changes may, however, be apparent in the chemical composition of the sediments, as is the case for the Montemayor-1 core (van den . To detect these changes, a total of 856 samples were measured using X-ray Fluorescence (XRF) with a NITON XL3t900 GOLDD analyser. Sample preparation, measurement characteristics, and detection and treatment of outliers were carried out in exactly the same way as for the Montemayor-1 record (van den . Since the clays forming the matrix throughout the entire studied section are in general homogenous (except for the very top and the 75-90 mcd interval), anomalies due to changes in the matrix are not anticipated. For an in-depth justification of this method, including an additional calibration using a conventional WD- XRF, the reader is referred to the method section of van den . Note that the sediments of the Montemayor-1 core, on which this calibration is performed, originate from the same formation and region and are therefore very similar to the Huelva-1 core sediments.
A well-known problem with XRF measurements is that lighter elements emit a smaller signal when excited and their emission is therefore more prone to attenuation (Tjallingii et al. 2007) . Therefore, in order to account for the larger scattering of relatively light elements, i. e. aluminium and silicon, a three-point aver-Imprint of Messinian Salinity Crisis events on the Spanish Atlantic margin (Lourens et al. 2004) . Numbers denote planktonic foraminiferal events of Sierro et al. (1993) . Middle: previously published magnetostratigraphic and biostratigraphic results for the Huelva-1 core (Larrasoaña et al. 2008) age of these measurements is used. Likewise, elements with very low concentrations (less than 100 ppm), in this case rubidium, are also subject to enhanced scattering and consequently a three-point average of this record has been used ( Fig. 3 ). Since aluminium yields enhanced scattering, the common practice of aluminium normalization will not be applied here. Instead, as proposed by Davis and Sampson (2002) and Aitchison (1986) , a centred log-ratio transformation was performed to make the dataset ʻopenʼ (i. e. remove all spurious correlations) and statistically robust. This includes dividing through the geometric mean, which is a type of normalization (Aitchison 1986, Davis and Sampson 2002) , allowing direct comparison between the major oxides and trace elements. A centred log-ratio trans formation also allows each of the elements to be used when performing a Principal Component Analysis (PCA). Note that when using any element as a common denominator to normalize the dataset, this element cannot be considered further when performing PCA. Subsequently, a PCA was performed using the PAST version 3.01 software package (Hammer et al. 2001) to simplify and visualize the data matrix. Also, a sand fraction record (Ͼ 63 μm; Fig. 2 ) was obtained by washing, sieving and drying the samples, while weighing them before and after.
Results
Principal Component Analysis
The concentrations of all elements acquired by XRF and used in this study are presented in Fig. 3 . The PCA analysis, based on the correlation matrix (Table 1) , yields two statistically significant components: the first principal component (PC1), describing 73 % of the total variance, and the second principal component (PC2) describing 21 % of the total variance (Fig. 2) . The two negative loadings for PC1 are Ca and Sr, while the positive loadings comprise of Zr, Si, Ti, Fe, K and Al (in descending order). For PC2, the two most important negative components are Zr and Ca. The positive loadings consist of elements Fe, Rb, K, Al (Fig. 4 ). All elements that have a positive loading for PC1 are typical elements found in siliciclastic minerals. Ca and Sr are elements associated with biogenic carbonate and visual inspection suggests they are mainly related to foraminifera and coccoliths. The relationship between the loadings of PC2 seems to be aluminosilicates on the positive axis versus carbonate and (coarser grained) silicates on the negative axis. Both the XRF and the PCA datasets are included as supplementary data.
Geochemical records in depth domain
PC1 shows regular alternations, gradually thickening upwards, with a sudden increase in thickness around 75 mcd (Fig. 2 ). Preceding this increase, we observe an 11 m interval of enhanced PC1 values, coinciding with increased sand content. The pattern is very similar to the observed patterns in all the individual element records (Fig. 3 ). In the 90-124 mcd and the 142-161 mcd intervals, distinct bundles of 3-5 alternations can be distinguished, each separated by a pronounced minimum. The amplitude of the alternations becomes smaller towards the top of the core, especially above 20 mcd. The sudden increase at the top of the record (above 5 m) corresponds to a change in lithology, from clays to sands, but also coincides with the change to Table 1 Correlation matrix with the correlation values between each of the studied elements based on Pearson's r method using PAST version 3.01 software package (Hammer et al. 2001 ). eschweizerbart_xxx samples taken from the Huelva cliff, which might be more weathered than those of the Huelva-1 core. PC2 shows similar regular alternations, however, between 50-75 mcd the alternations completely disappear.
In addition, to assess the nature of the regular alternations and changes therein, principal component analyses have been performed on both the lower (170 mcd-86 mcd) and the upper (86 mcd-12 m) part separately. The division is made at 86 mcd since we observe at this position the first distinct change in the PC1 pattern, accompanied by increased sand content (Fig. 2) , followed by the observed increase in the thickness of regular alternations at 75 mcd. A change in sedimentary environment is expected at one or both of these stratigraphic positions. Both the lower and upper interval generate a first principal component record that is identical to the regular alternations shown for that interval in the PC1 of the entire core ( Fig. 2 ). However, as was the result after applying the same technique on the Montemayor-1 core (van den , the loadings, i. e. elements, comprising these alternations change from the lower to the upper interval (Fig. 4 ). The first principal component of the lower part (PC1L) shows similar loadings to PC1, with Ca and Sr being the most important elements on the negative side and the siliciclastic elements at the positive side. The first principal component for the upper part of the record (PC1U), however, consists of a very different combination of elements. Here the most important positive loading is Zr, followed by Si and Ti, representing the coarse-grained siliciclastic fraction, while the negative side consists predominantly of Ca and Sr, representing biogenic carbonates, followed by Rb, Al and K, which are commonly associated with clay minerals (aluminosilicates).
When performing PCAs for even shorter intervals, the two sets of loadings described above, i. e. representing PC1L and PC1U, always comprise the first and second principal component for any given interval, only changing in the amount of total variance each repre- sents. Therefore, we assume that the two most important processes controlling the sedimentary sequence in this core are represented by these two sets of loadings. The only problem is that these are not the same as PC1 and PC2. Hence, with PC1L and PC1U we can only evaluate these two processes for, respectively, the lower and the upper part of the record and not for the record as a whole (Fig. 2) . To solve this problem and be able to evaluate these two processes throughout the entire record, we decided to go from PCA back to element ratios but now with the knowledge, acquired by PCA, on the most important processes. Using that information we constructed two records by manually assembling the two sets of loadings representing PC1L and PC1U (Fig. 2) . ʻCa-Sr/restʼ or ʻCa-Srʼ was constructed by taking the logarithm of the product of normalized Ca and Sr values divided by the product of the normalized siliciclastic elements, which can therefore be interpreted as a measure of carbonate versus siliciclastic sediments. ʻZr-Ti-Si/restʼ or ʻZr-Ti-Siʼ was constructed in a similar way by taking the logarithm of the product of normalized Zr, Ti and Si values divided by the product of the remaining normalized elements and can therefore be interpreted as a measure of coarser grained siliciclastic versus finer grained siliciclastic and carbonate sediments. As is evident from Fig. 2 , the patterns of the corresponding intervals of the resulting records are very similar to the PC1L and PC1U records, respectively. By following this approach no information is lost using these records and at the same time the involved sedimentary processes can now be studied over the entire length of the record. Besides, an element-ratio record leads to a more intuitive understanding than a PC record as from these records the behaviour of any element is more directly visible.
Additional biostratigraphic events
In order to build a higher resolution biostratigraphic framework than currently exists (Larrasoaña et al. 2008 ), all samples were scanned for keeled Globorotaliids to identify the presence and changes in abundance of Globorotalia margaritae and Globorotalia menardii sin, as these can provide key biostratigraphic tie points (Sierro et al. 1993 , Krijgsman et al. 2004 . G. menardii sin was only found in the interval between 70 and 80 mcd and shows two distinct peaks at 72 and 77 mcd. G. margaritae was found throughout the 25-110 mcd interval with the two most prominent peaks (Ͼ 10 %) at 85 and 87.3 mcd ( Fig. 5) .
Age model 5.1 New Biostratigraphic events
The abundance patterns in G. menardii sin and G. margaritae can be correlated with similar patterns in the Montemayor-1 core and in the Ain el Beida and Loulja sections in Morocco (Krijgsman et al. 2004 , Van der Laan et al. 2006 . There, changes in abundance of these two species have been correlated to specific astronomical cycles and/or time periods. Two influxes of G. menardii sin have been recorded in cycle 42 (5.55 Ma) and cycle 43 (5.53 Ma) of the Ain el Beida section, and to corresponding cycles in the bottom of the Loulja-A section. The two influxes found in the Montemayor-1 core have been assigned the same age as the influxes in the Moroccan sections; we have therefore correlated the two peaks observed in the Huelva-1 core to the same age as well.
The abundance pattern of G. margaritae varies in detail between the Montemayor-1 core (van den and the Ain el Beida section (Krijgsman et al. 2004) . However, at both localities the species does record an acme with two distinct peaks at glacial stages TG20 (5.75 Ma) and TG22 (5.79 Ma; Shackleton et al. 1995a , Van der Laan et al. 2012 ). Consequently, we also correlate the two distinct peaks (Ͼ 12 %) that we observe in the Huelva-1 core with these two glacial stages (Fig. 5 ).
Cyclostratigraphic age model
The nearby located Montemayor-1 core (van den and the sonic data from the Casanieves well log (Ledesma 2000) , located more in the centre of the Guadalquivir Basin (Fig. 1) , show that sedimentation in the basin was controlled by precessional related climate change during the Messinian and most of the Pliocene (Sierro et al. 2000) . It is therefore likely that precession controlled climate change also had a major influence on the part of the basin where the Huelva core was drilled. Bundling of cycles is less clear than at the Montemayor-1 core or Casanieves well log, probably because of the more marginal setting in which the sediments of the Huelva-1 core were deposited. It is therefore critical to address objectively the cyclic behaviour of the sedimentary composition within this record, which is likely to be related to astronomically induced climate change, as opposed to non-cyclic influences such as tectonic events, eustatic sea level variations or currents. We have already observed bundling of 3-4 alternations in some intervals of the Huelva-1 records which is typical for precession cycles with superposed eccentricity amplitude modulation (section 4.2).
Since the sets of loadings for PC1U and PC1L (Fig. 4) are very similar to the loadings of the PC1U and PC1L of the Montemayor-1 core (Fig. 5 in van den , we assume that the phase relation with respect to the astronomical target curve and the nature of the geochemical cycles in the Huelva-1 core is also the same. This means that PC1L and the Ca-Sr record represent the juxtaposition of biogenic carbonate versus aluminosilicates, where the maximum carbonate concentration is correlated with Northern Hemisphere summer insolation minima and maximum concentrations in siliciclastics occur during insolation maxima. In the same way, PC1U and Zr-Ti-Si in the Huelva-1 core and PC1U in the Montemayor-1 core (van den represent the juxtaposition of coarser grained siliciclastic sediments versus biogenic carbonate and clay, with the peaks in coarser grained siliciclastics tuned to insolation minima while peaks in biogenic carbonate and clay are correlated with insolation maxima.
Tuning of upper part (12 m-90 mcd)
We tune our records to the La2004 (1,1) solution ). When we compare the upper interval of the upper part (12 m-75 mcd) with the cycles of the upper part (70-176 mcd) of the Montemayor-1 record (van den Berg et al. 2015; Fig. 5 ), we find the influxes of G. menardii sin in the silt-rich bed of two adjacent cycles in both records. In between these two influxes, both cores show an abrupt increase in cycle thickness. Above these influxes are 6.5 cycles, followed by a decline in biogenic carbonate and an increase in coarser grained siliciclastics (Fig. 5) , overlain by the glauco - Nomenclature of glacial stages is after Shackleton et al. (1995b) . Gm is peak influx of Globorotalia menardii sin. Lines denote the tie points used for the age model of this interval.
nite layer that marks the end of the record. This pattern is exactly the same in the Montemayor-1 core. Tuning these identical patterns to the astronomical target curve suggest that the glauconite layers at the top of both records are synchronous and correlate with the Miocene-Pliocene boundary (Fig. 5 ).
The part just below the two influxes of G. menardii sin (75-90 mcd) is characterized by higher Zr-Ti-Si values, implying larger grain size, which is confirmed by a pronounced increase in the sand fraction of the sediments (Fig. 2) . This change in matrix increases the uncertainty of the XRF results. In the Montemayor-1 Fig. 6 . A preliminary age model based on tuning to eccentricity (middle) of the three-point moving average and 11-point moving average of the Ca-Sr record (left) . From this age model the Ca-Sr and Zr-Ti-Si records are tuned to precession (right) using the insolation and E+T-P curve. Numbers denote planktonic foraminiferal events of Sierro et al. (1993) . Gm and Gmarg are influxes of Globorotalia menardii sin and Globorotalia margaritae, respectively. The reversed geomagnetic polarity intervals after Larrasoaña et al. (2008) are shown in grey shades. The interval with greater uncertainty is denoted with dashed lines (see text). Far right: The polarity timescale of the ATNTS2004 (Lourens et al. 2004 ). eschweizerbart_xxx core this corresponds to the ʻtransitional intervalʼ which van den interpreted as a change from deeper-water environments dominated by detrital (i. e. clay and silt) dilution of biogenic carbonate, to shallower environments where clay and carbonate are diluted by silt input. Tuning on precession time scale over this interval was not possible for the Montemayor-1 core. Since the change in loadings observed at the transition between the lower and upper interval in the Huelva-1 core is the same as was observed in the Montemayor-1 core, we expect a similar transition complicating the pattern of the geochemical cycles. Consequently, only the bio-events (i. e. the two peaks in G. margaritae and the two influxes of G. menardii sin) are used to constrain the age model for this interval ( Fig. 5) .
Tuning of lower part (90-170 mcd)
Two intervals in the lower part (90-124 mcd and 142-161 mcd) show bundles of 3-5 cycles which may reflect the imprint of the ~100 kyr eccentricity cycle on precession (Fig. 2) . To illustrate this more clearly, following the method by Hilgen (1991) , we took the Ca-Sr record, in which we recognize this bundling, and calculated the 11 point moving average to remove any higher order fluctuations and emphasize the pattern produced by the bundling (Fig. 6, left) . With the aid of the magnetobiostratigraphic tie points (Fig. 6) , these intervals can be tuned to eccentricity where eccentricity minima are linked to the most pronounced biogenic carbonate maxima. In most cases tuning is straightforward and if there is any doubt, e. g. at 164 mcd, the best fitting maxima based on the magnetobiostratigraphic framework has been used.
However, the 124-142 mcd interval, which includes chron N3, is problematic. The magnetobiostratigraphic framework of Larrasoaña et al. (2008) suggests that the lower part of the core contains substantial variations in sedimentation rate, especially during normal chron N3 where the sedimentation rate appears to be very low by comparison with intervals at either side (Fig. 2) . No clear bundling is observed in this interval and we count only 13 geochemical cycles while, if this part of the record is also forced by precession, 22 cycles are expected from the corresponding interval of the insolation curve. As a result one possible tuning is shown, denoted by dashed lines (Fig. 6) , and we take into account an uncertainty of two precession cycles for this interval.
Using the cyclostratigraphic tie points resulting from this first order tuning to eccentricity, a prelimi-nary age model has been constructed (Fig. 6, middle) . From here, correlations are made on a precessional scale, where possible. Since the tuning of both the Montemayor-1 and Ain el Beida PC1 records show that the strongest insolation peaks correlate with the thickest/most pronounced peaks in the PC1 records (Van der Laan et al. 2012 , this relationship is also applied to the Huelva-1 core. The large number of magnetobiostratigraphic tie points (161-170 mcd) permits the bottom interval to be tuned to precession in spite of the lack of cycle bundling in both the sedimentary records and the astronomical target curve as a result of a 400 kyr and 2.4 Ma eccentricity minima. In this interval the cycles in the Zr-Ti-Si record are more pronounced and have higher amplitude than the Ca-Sr cycles, so the Zr-Ti-Si record is used for tuning of this interval. For the 142-161 mcd interval the Ca-Sr record demonstrates clear patterns on a precessional scale that can be tuned to insolation. The 90-124 mcd interval is tuned using the expression of eccentricity and the high amplitude precession cycles in the Ca-Sr record.
Discussion
Improvement of the age model
Even though tuning of the Huelva-1 record to the astronomical solution cannot be resolved on a precessional scale for all intervals, the resolution and precision of the age model greatly improves the previous age model of Larrasoaña et al. (2008) . That age model was based on 11 magnetobiostratigraphic tie points, giving a resolution of ca. 200 kyr. By comparison, the new age model has a resolution of ca. 2 precession cycles (40 kyr) or better, depending on the interval. This permits precise correlation with regional or global events at high temporal resolution. The ages of the reversals based on this age model are in good agreement with the ATNTS2004 (Lourens et al. 2004 ; Fig. 6 ). Mismatches do not exceed 40 kyr and can therefore be attributed to uncertainties in the position of the reversal due to measurement resolution or delayed remanence acquisition (Larrasoaña et al. 2014 ).
Mechanisms driving sedimentary cyclicity
Since the cycles in the Huelva-1 core, including their elemental loadings and changes therein, are very similar to those observed at Montemayor-1, only a sum- Fig. 7 . Comparing the records from this study with similar records from the region. From left to right: geological stages, GPTS, Huelva-1 core lithology, insolation (yellow) and eccentricity (dark blue), Huelva-1 core PC2, (pink), Ca-Sr (blue) and Zr-Ti-Si (red) records, Montemayor-1 PC1 record (van den brown) , Casanieves sonic record (Ledesma 2000; green) , Ain el Beida PC1-ICP record (Van der Laan et al. 2012; orange) , all in the time domain. The 7.18 Ma event mentioned in the text is shown as a dashed line. In the lithology column the changes from clays (light grey) to sands (dark grey) and the glauconite layers (black dots) are shown. eschweizerbart_xxx mary of the mechanisms that drive these sedimentary cycles will be given here. For a full review the reader is referred to section 6.2 of van den .
Both records consist predominantly of homogeneous marls with small changes in geochemical composition observed through XRF ( Fig. 3 and 4) . This is similar to the sediments of the Ain el Beida section in Mo rocco (Krijgsman et al. 2004) , where identical cyclic changes in geochemical composition (Fig. 7) , i. e. an identical set of loadings for its PC1-ICP record as found for the PC1L records of both Montemayor-1 and Huelva-1, correspond with colour, stable isotope values, biological proxies and magnetic susceptibility (Van der Laan et al. 2005 . Based on these proxies, and their correspondence with climate proxy signals observed in Mediterranean sapropels (Krijgsman et al. 2004) , these cycles were interpreted as dilution of biogenic carbonate by detrital clay input of fluvial origin; the reddish layers correspond to enhanced fluvial input associated with increased precipitation during insolation maxima (Van der Laan et al. 2012) . The cycles of the lower interval of both records on the Spanish Atlantic margin are interpreted the same way. These kind of dilution cycles are found throughout the recent geological history across the Mediterranean and the neighbouring Atlantic region (e. g., Sierro et al. 2000 , Moreno et al. 2001 , Bozzano et al. 2002 , Hodell et al. 2013 , although some of these records are alternatively interpreted as dilution by eolian dust.
The upper intervals of both the Huelva-1 and Montemayor-1 cores are based on a different set of loadings than the lower intervals ( Fig. 4; Fig. 5 in van den Berg et al. 2015) . In the Montemayor-1 core this is explained by a change from more distal, open marine sedimentary conditions, to a more proximal pro-delta environment . This is in agreement with the paleodepth record for the Montemayor-1 core (Pérez-Asensio et al. 2012a ) and the westward infilling of the Guadalquivir Basin (Sierro et al. 1996 , Iribarren et al. 2009 ). This change is gradual and cannot be pinpointed to one specific age. We observe the same change in loadings and cycle amplitude in the Huelva-1 core, and even though we cannot demonstrate that the changes are synchronous, both occur within the 6-5.5 Ma interval. Since the Montemayor-1 and Huelva-1 cores are located only 12 km apart, a near-isochronous change is likely.
The set of loadings for the upper interval is very similar to the PC1U loadings of the Montemayor-1 core where it is explained as dilution of carbonate and clay by silt . Due to the more proximal setting of the Huelva-1 core, silt is able to reach the core's site, possibly aided by storms, dominating the siliciclastic input. According to the model proposed by van den Berg et al. (2015) , periods of Northern Hemisphere summer insolation minima lead to relatively arid summers, and therefore result in decreased hinterland vegetation cover. This facilitates increased erosion and hence increases coarse-grained sediment concentration in river run off resulting in enhanced silt input. Similar models have been proposed for cyclic continental deposits elsewhere (Harvey et al. 1999 , Pla-Pueyo et al. 2015 .
Essentially, three types of sediment are deposited throughout the entire record: fine grained siliciclastic (clay), coarse grained siliciclastic (silt), and biogenic carbonate. Each sediment type reflects a different sedimentary process and therefore the contribution of each to the sediment composition varies over time. Untangling, visualizing and assessing the contribution of each of these sediment sources is therefore complex and justifies the use of PCA over element to element ratios. With PCA the different sources are statistically separated and their contributions objectively visualized because elements belonging to each source get grouped: the negative side of PC1L and the Ca-Sr record resemble contributions of biogenic carbonate, the positive side of PC1U and the Zr-Ti-Si record represent the silt fraction and the positive side of PC2 represents the clay input (Fig. 7 ).
Huelva-1 -Montemayor-1 comparison
We observe two distinct synchronous changes in sedimentation rate in both cores (Fig. 8 ). This implies that these changes are not merely local and might be associated with regional or even global events (see section 6.4). The first change occurs at 5.55 Ma and is marked by an abrupt increase in stable sedimentation rates from around 0.1 m/kyr to higher rates peaking at 0.9 m/kyr (Fig. 8) . The second change is a sharp decrease in sedimentation rate in both the Huelva-1 and Montemayor-1 core from ca. 0.5 and 0.7 m/kyr, respectively (on average over the last 100 kyr of the Messinian), to a level with increased glauconite concentration at 5.33 Ma, coinciding with the Miocene-Pliocene boundary. Glauconite typically forms on the outer shelf with water depths ranging from 50 to 500 m, usually during transgressive system tracts and/ or high stand conditions, and is considered to represent a condensed interval, i. e. negligible sedimentation rate, within marine sediments (Sierro et al. 1990 , 1996 , Harris and Whiting 2000 , Amorosi et al. 2012 , Banerjee et al. 2015 . This specific glauconite-rich layer can be traced for more than 100 km and is characterized by abundant biogenic and authigenic grains . Galán et al. (1989) carried out chemical, mineralogical and paleontological analyses on this particular glauconite layer in outcrop near Bonares. The layer is ca. 2 m thick and the glauconite concentration gradually increases upwards before gradually decreasing again. The glauconite consists mainly of ovoidal and capsular pellets ranging in size from fine to coarse sand, with no clear signs of reworking. Based on the observed intense bioturbation and fauna, which are typical for the sublittoral-circalittoral zone, Galán et al. (1989) concluded that the glauconite formed in situ during a period of sediment starvation at ca. 50 meter water depth, implying a transgressive pulse within a generally regressive system. This water depth is consistent with the 40-50 m estimated by Pérez-Asensio et al. (2012a) for this interval on the basis of benthic foraminifera. The duration of increased glauconite concentration is unclear. In the Montemayor-1 core a magnetic reversal is found just above the glauconite layer which could be tentatively correlated to the first reversal in the Pliocene, at 5.235 Ma (Larrasoaña et al. 2008) . This would imply that the glauconite layer is ca. 100 kyr (Fig. 7) . How- ever, the FCO of Globorotalia puncticulata dated at 4.52 Ma (Lourens et al. 2004 ) is also found in the Montemayor-1 borehole only 20 meters above the reversal. This means that either the glauconite interval comprises a much longer time interval or that there is a hiatus within the interval between the glauconite layer and the FCO of G. puncticulata (see Larrasoaña et al. 2008 ). The 6.37-7.3 Ma interval is highly condensed in the Montemayor-1 core, precluding the construction of an astronomical age model based on tuning of cyclic variations in the elemental composition of the sediments for that part of the record (Fig. 2) . In the Huelva-1 core there are also problems with the tuning in the equivalent interval. However, because the sedimentation rate is higher, tuning is possible at least on the eccentricity scale. The difference in sedimentation rate is probably caused by the different locality of the two sites, resulting in a slight difference in sedimentary environment. These fluctuations in sedimentation rate are not observed over the entire Guadalquivir Basin, as shown by the sonic data of the Casanieves well log ( Fig. 7 ; Ledesma 2000) . The cycles in the Casanieves record are all well expressed and almost identical to the insolation curve. This well was drilled in a more central part of the basin suggesting that the tuning problems may have been caused by the proximity of both the Huelva-1 and Montemayor-1 cores to the basin margin.
6.4 Correlation to regional/global events 6.4.1 Onset cyclicity at 7.16 Ma In the basal part of both the Ca-Sr and Zr-Ti-Si records of the Huelva-1 core a decreasing trend and minor amplitude changes are observed, which changes abruptly to more stable values and high amplitude variability. This change occurs at 7.18 Ma, just after the Tortonian-Messinian boundary (Fig. 7) . At the same time, the first evidence of reduced deep marine ventilation in the Mediterranean (Kouwenhoven et al. 1999 , Seidenkrantz et al. 2000 and the oldest opal-rich layer in the lower Abad marls of the Sorbas Basin ) are found, both of which have been related to the onset of Mediterranean gateway restriction. These events are also associated with the first marked increase in the amplitude of precession, following a prolonged period of reduced amplitudes caused by a 400 kyr eccentricity minimum superimposed on a 2.4 Myr eccentricity minimum between 7.30 and 7.20 Ma (Kouwenhoven et al. 2003 ). The first high amplitude change in the Ca-Sr record is correlated to the same precession cycle, at 7.16 Ma (Fig. 6) .
The increase in cycle amplitude in the Huelva-1 records represent an amplification of variability in the geochemical composition of the sediment. This can be related to more prominent changes in sediment input as a result of enhanced reaction to climate forcing. A similar increasingly pronounced reaction of the environment to climatic changes was observed in the Sorbas Basin (western Mediterranean) in the remainder of the pre-evaporitic part of the Messinian and was associated with progressive restriction (Sierro et al. 2003 ). Therefore, the 7.18 Ma event in the Huelva-1 core may be associated with a restriction of the Guadalquivir Basin and, consequently, of the Betic corridor. In addition, the last olistostrome emplacement in the Guadalquivir Basin occurred around the same time and could also be linked to this restriction phase (Ledesma 2000) . Since all branches of the Betic corridor were probably closing or had already closed by the late Tortonian , Van den Berg 2016 , one possibility is that the observed restriction represents the final closure of the Betic corridor. This is a million years earlier than the closure of the Betic corridor interpreted from the oxygen isotope record of the Montemayor-1 core (Pérez-Asensio et al. 2012b ). However, given that several other processes may have affected the cores' sedimentary environment and the exact effect of Betic corridor closure on this part of the basin is difficult to assess, it is necessary to investigate the lateral continuity of the expression of this apparent restriction event further in order to establish its relationship with the Betic corridor.
Increase in sedimentation rate
around 5.55 Ma There are two abrupt changes in sedimentation rates that are isochronous in both the Montemayor-1 and Huelva-1 core and may therefore be related to regional or global events.
At 5.55 Ma, an abrupt and synchronous increase in sedimentation rate is recorded in both cores (Fig. 8 ) coincident with a decrease in paleodepth inferred from P/B ratios in the Montemayor-1 core (Pérez-Asensio et al. 2012a) . At this time, the Guadalquivir Basin was filling up from east to west (Sierro et al. 1996 , Iribarren et al. 2009 ) and it is reasonable to assume that the cores' locations experience a progressively more proximal setting and associated increase in sedimentation rate. However, the timing of the increase correlates exactly with the onset of MSC stage 3 in the Mediterranean Basin (Roveri et al. 2014) , marking the deposi-tion of the upper evaporites and Lago Mare sediments after a short period of halite deposition (MSC stage 2, 5.6-5.55 Ma; Fig. 8 ). Therefore, a connection with these major events in the adjacent Mediterranean Basin that mark a major regional reorganization should be considered. During halite deposition in the Mediterranean, a severely restricted connection with one-way inflow of Atlantic water is envisaged (Krijgsman and Meijer 2008 , Marzocchi et al. 2016 ) as outflow must have been negligible to achieve sufficiently high salinities (Meijer 2006) . Subsequently, the Mediterranean may have become isolated from the Atlantic during glacial stage 12 (5.55 Ma) resulting in a potentially significant sea level drop and formation of the Messinian Erosional Surface (Hilgen et al. 2007 , Roveri et al. 2014 . Another change to restricted inflow may have happened at the onset of MSC stage 3 (e. g. Marzocchi et al. 2016) , at the same time that a major deglaciation took place from glacial stage TG12 (5.55 Ma) towards interglacial TG11 (5.52 Ma), which is recorded in oxygen isotope records from the open ocean ( Fig. 8 ; Hodell et al. 2001 , Van der Laan et al. 2006 , Vautravers 2014 . This resulted in a, debated, glacio-eustatic sea-level rise in the order of tens of meters (Shackleton et al. 1995a , Vidal et al. 2002 , reducing basin restriction and enhancing gateway exchange. Despite this sea-level rise and the probable headward erosion of the gateway area acting to deepen the strait (Garcia-Castellanos and Villaseñor 2011), Mediterranean-Atlantic connectivity must have remained highly restricted during this entire period to facilitate evaporite precipitation and Lago Mare facies during MSC stage 3.
The most likely explanation for both the increase in sedimentation rate in the Guadalquivir Basin and the prolonged restriction of the Mediterranean-Atlantic exchange is tectonic uplift in the Betic and Gibraltar region. The concomitant decrease in paleodepth observed in the Montemayor-1 core can be considered as an independent argument for our reasoning (Pérez-Asensio et al. 2012a . Uplift of the Betics would have lead to an increase in erosion rates of the mountain range, resulting in an increase in sediment supply to the Guadalquivir Basin. At the same time, accompanying uplift of the gateway area may explain the prolonged restriction of the Mediterranean Basin. Since there probably is a lag between the uplift and the resultant increase in sedimentation rate in the western Guadalquivir Basin, the timing of this tectonic event cannot be pinpointed exactly, but its acme is likely to be associated with the Messinian Ero-sional Surface (MES) and the onset of halite deposition in the Mediterranean Basin, both dated at 5.6 Ma. The MES is recognized as a major erosional surface cutting into older deposits throughout the Mediterranean Basin. This erosion is either associated with a major sea-level drop (Ryan and Cita 1978 , Clauzon 1982 , Lofi et al. 2005 or with tectonics (Roveri and Manzi 2006 , Roveri et al. 2008 , Omodeo Salé et al. 2012 in view of the angular unconformity observed in several basins within the Mediterranean region (Roveri and Manzi 2006) . In southern Spain an erosional surface has been found and dated in the Nijar Basin (Fortuin and Krijgsman 2003) , and is associated with a tectonically active period in this area (Omodeo Salé et al. 2012 ). The tectonic explanation is supported by the fact that MSC stage 2 is marked by a phase of Mediterranean-wide tectonic activity (Roveri et al. 2014 and references therein).
Onset of glauconite accumulation
at 5.33 Ma The other change, an abrupt decrease in sedimentation rate, occurs right at the Miocene -Pliocene boundary (Fig. 8 ). At this time fully marine conditions were reestablished in the Mediterranean, ending the MSC. The return to fully marine conditions is geologically instantaneous and synchronous over the entire Mediterranean Basin (Roveri et al. 2014 and references therein) . It is often related to the opening or deepening of the Gibraltar Strait which may have been accompanied by a catastrophic flood (Garcia-Castellanos et al. 2009 ). The glauconite layer at the base of the Huelva Formation, which is correlated to the Miocene -Pliocene boundary, is the first possible lithological expression of the end of the MSC that has been identified outside the Mediterranean.
There are several ways to explain this lithological expression in relation to the end of the MSC. First, the return to open marine conditions does not correlate with any major deglaciation and/or climate event and is therefore considered more likely to have been caused by a tectonic event (Van der Laan et al. 2006 , Hilgen et al. 2007 or headward/ downcutting erosion of the gateway (Garcia-Castellanos and Villaseñor 2011). A tectonic event could not only have caused an opening/deepening of the Gibraltar Strait, but at the same time could have lowered part of the western Guadalquivir Basin. Since the Gua dalquivir Basin is, at present, very flat, a small relative sea level rise would result in a major landward shift of the coastline. This would have trapped sediment higher up the shelf and resulted in a decline in sedimentation rate in the Montemayor-1 and Huelva-1 borehole area, permitting glauconite accumulation. One possible tectonic process which may have led to uplift in the Betics, restricting the gateway, and then to subsidence in the Gibraltar arc region, is rollback of the east dipping Gibraltar slab (Lonergan and White 1997, Gutscher et al. 2002) . The westward movement of slab rollback started in the eastern Betics and the accompanying delamination of the lithospheric mantle and upwelling of asthenosphere beneath southern Spain may have led to uplift of the Betic mountain chain (Duggen et al. 2003) . Subsequently, the rollback process, and steepening of the slab could have caused a depression in the Gibraltar arc region, leading to sill lowering and the re-establishment of a marine connection at the end of the MSC (Duggen et al. 2003 , Govers 2009 ). However, no field evidence for this hypothesis and the associated tectonic event causing the Zanclean flood has yet been found.
An alternative explanation for the drop in sedimentation rate at the Miocene -Pliocene boundary is current winnowing. The western Guadalquivir Basin can be considered as the Messinian Gulf of Cadiz. This area has been strongly affected by currents flowing in and out of the Gibraltar Strait over the last 5 million years (e. g., Ambar et al. 2002 , García-Lafuente et al. 2006 . Changes in gateway exchange impacting the current regime in the Gibraltar region, could also explain changes in the Guadalquivir Basin. Winnowing of the fine fraction by enhanced currents of North Atlantic Central Water flowing towards the Gibraltar Strait would only leave sands. This is in agreement with the sandy character of the glauconite layer observed in the Montemayor-1 core (Galán et al. 1989 ), but it is not clear why this would result in glauconite formation, particularly as glauconite is not a common component of similar Plio-Quaternary sandy contourites elsewhere in the Gulf of Cadiz.
A final possible explanation comes from isostatic response to lithospheric loading (by evaporites) and unloading (through sea level fall) in the Mediterranean during the MSC (Govers 2009 ). However, since no halite is found in the Alboran Sea (Comas et al. 1999) , the change in loading is probably minor in the westernmost part of the Mediterranean close to the gateway. In addition, due to the mechanical properties of the lithosphere, the wavelength of the flexural response to these changes in loading is too short to affect the Betic mountain chain or the Guadalquivir Basin significantly. For both these reasons, the amplitude of isostatic rebound will be negligible in the Guadal quivir Basin (Govers 2009 ) and consequently, this process is unlikely to have brought about the glauconite formation in the Huelva-1 and Montemayor-1 cores. Further research should be done in testing these possible models, which may essentially reveal the intrinsic history of the Gibraltar Strait at the Miocene -Pliocene boundary.
Conclusions
A high-resolution age model for the entire Messinian of the Spanish Atlantic Margin has been constructed by tuning cyclical changes in the elemental composition of sediments of the Huelva-1 core to astronomical target curves using magnetobiostratigraphic tie points. Most intervals can be tuned to precession and for these intervals the age model has an uncertainty of a few thousand years. For other intervals (i. e., 6.82-6.37 and 5.86-5.55 Ma), tuning was only possible on an eccentricity scale resulting in an uncertainty of two precession cycles (ca. 40 kyr). These complexities in the tuning probably result from synsedimentary changes in depositional environment and the marginal position of the core in the Guadalquivir Basin. The XRF record is strikingly similar to the XRF record of the nearby Montemayor-1 core.
Several features found in the Huelva-1 core coincide with well dated events in the Mediterranean Basin. The increase in cycle amplitude observed near the bottom of the Huelva-1 record is coeval with the first restriction of the Mediterranean Basin, at the base of the Messinian, and may be related to restriction of the Betic corridor. Two significant changes in sedimentation rate are found in both the Huelva-1 and Montemayor-1 cores; these may be related to regional or global events. The relatively abrupt increase in sedimentation rate around 5.55 Ma correlates well with the onset of the final stage of the MSC and a major deglaciation. The most likely mechanism explaining this correlation is a tectonic event, uplifting the region, which results in increasing erosion rates in the Gua dalquivir Basin as well as restricting Mediterranean-Atlantic gateway exchange. The subsequent abrupt decrease in sedimentation rate coincides with the Mio cene-Pliocene boundary and the reestablishment of fully marine conditions in the Mediterranean. The coeval change in sedimentation rate on the Spanish Atlantic margin may be linked to events within the Mediterranean that terminated the Messinian Salinity Crisis as a result of either regional tectonic subsidence, a change in localised ocean circulation associated with the opening or deepening of the Gibraltar strait, or both.
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